ABSTRACT 2,4-Dinitrophenol (DNP) and high temperature (35 to 40 C) are known to inhibit C2H4 production in various plant tissues. The present study was made to determine the step in the C2H4 biosynthetic pathway (methionine -* S-adenosylmethionine ISAMI -p 1-aminocyclopropane-1-carboxylic acid IACCI -* C2HM) at which these treatments exert their inhibitory effect. In mung bean hypocotyls the dose-inhibition curves for the effect of DNP on auxin-dependent C2H4 production (in which auxin exerts its effect by stimulating the conversion of SAM to ACC) and on ACC-dependent C2H, production (in which ACC is directly utilized as precursor) were similar. It was concluded, therefore, that DNP at low concentrations (below 50 micromolar) exerted its effect primarily on the conversion of ACC to C2H4, a step which is common to both systems. This view was further substantiated by quantitative analysis of the intermediates in the biosynthetic sequence. DNP exerted little influence on the content of SAM but caused a significant increase in the ACC content and marked inhibition in C2H4 production, indicating that the conversion of ACC to C2H4 is the crossover point. At higher concentrations (above 100 micromolar), DNP inhibited the conversion of methionine to ACC and to C2H4, and this effect could be attributed to the inhibition of SAM synthesis.
The optimal temperature for maximal C2H4 production by apple tissue and mung bean hypocotyl is about 30 C. An increase in temperature to 35 C caused an accumulation of endogenous ACC, whereas C2H4 production was greatly reduced. These results suggest that the conversion of ACC to C2H4 is highly vulnerable to high temperature inhibition.
C2H4 is a plant hormone which regulates many aspects of plant growth and development (1) . In plant tissue the C2H4 production rate is regulated by various physiological and environmental factors. In 1960, Burg and Thimann (9) reported that DNP2 was an effective inhibitor of C2H4 production in apple tissue. Similar observations were reported for other fruit tissues and for auxininduced C2H4 production in vegetative tissues (7, 15, 20) . Using a tracer technique, Murr and Yang (19) concluded that DNP inhibited C2H4 production by interfering with the conversion of methionine to C2H4. Since DNP is a potent uncoupler of oxidative phosphorylation, these observations have led Burg (7) and Murr and Yang (19) to suggest that ATP is required in the conversion of methionine to C2H4, and that SAM, formed from methionine and ATP, may be an intermediate. The (12) reported that pear fruits stopped production of C2H4 and failed to ripen when held at 40 C. In avocado, Eaks (10) found typical respiratory climacteric patterns occurring from 20 to 35 C. The respiratory climacteric maximum increased, but maximum C2H4 production decreased as the temperature increased from 25 to 40 C. Only trace amounts of C2H4 were produced at 35 C even though the tissue still showed a typical climacteric pattern. Although C2H4 production is more vulnerable to high temperature inhibition than is respiratory activity (8, 10, 18) , the mode of the high temperature effect on C2H4 production has not been elucidated.
Adams and Yang (4) have elucidated the C2H4 biosynthetic pathway in apple tissue as follows: methionine -+ SAM -. ACC --C2H4. This pathway has since been shown to be operative in auxin-induced C2H4 production in vegetative tissue (24) and other stress systems (21, 25) . The present investigation was undertaken to determine at which step in the C2H4 biosynthetic sequence DNP and high temperature stress exert their inhibitory effects.
MATERIALS AND METHODS
Plant Material. Seed of mung bean ( Vigna radiata [L.) Wilczek) were germinated and grown in Vermiculite for 3.5 days in darkness at 25 C. Twenty 2-cm long hypocotyl segments, 1 to 3 cm below the hook, were incubated in 5 ml medium consisting of2% sucrose, 50 ug/ml chloramphenicol, 50 mm Mes buffer (pH 6 Determination of ACC. Mung bean hypocotyls or apple plugs were homogenized and extracted with HC104 at a final concentration of 3%. After centrifugation, the extracts were diluted three times with H20 and passed through an ion-exchange resin (Dowex 50, H+) column. Amino acids, including ACC, were eluted with 2 N NH40H (17) . After concentration, the residues were dissolved in 1 ml H20. An aliquot was used for assay of ACC according to the method of Lizada and Yang (17) , which is based on the chemical conversion of ACC to C2H4 with NaOCl reagent. For the analysis of radioactive ACC, an aliquot of the above eluate was mixed with 500 nmol authentic ACC and chromatographed on Whatman 3MM paper using 1-butanol-acetic acid-H20 (4:1:5, v/v) as developing solvent. Radioactivity on the paper was detected by radioscanner. The radioactive region corresponding to ACC was eluted with H20 and was degraded to C2H4 with NaOCl reagent (17) . The C2H4 produced then was transferred to an evacuated 25-ml scintillation vial. A 0.5-ml gas sample was withdrawn from the vial for C2H4 determination by GC. The remainder of the C2H4 was absorbed by injecting 250,ul 0.25 M Hg(C104)2 reagent into the vial. The radioactivity of the C2H4 thus absorbed was assayed by liquid scintillation. The radioactive ACC in the sample was calculated from the following equation: radioactivity in ACC (nCi) = specific radioactivity of C2H4 (nCi/nmol) x 500.
RESULTS
Both auxin and ACC are known to cause a remarkable increase in C2H4 production in mung bean hypocotyls (22) . In the ACCdependent system, exogenous ACC was directly utilized as an C2H4 precursor (23) . In the auxin-dependent system, however, auxin induced the synthesis of ACC synthase, which catalyzes the conversion of SAM to ACC, thus enabling the tissue to utilize endogenous methionine as C2H4 precursor (24) . Thus, by comparing the characteristics of C2H4 production in auxin-dependent and ACC-dependent systems, it is possible to determine whether an inhibitor exerts its effect by interfering with a reaction prior to, or subsequent to, the formation of ACC.
DNP Effects. Figure 1 shows the effect of 0.1 mm DNP on the time course of C2H4 production by mung bean hypocotyls which were treated with IAA or ACC. At this concentration, DNP inhibits C2H4 production by about 800%o in either IAA-or ACCtreated tissues. The effect of different concentrations of DNP on auxin-or ACC-stimulated C2H4 production is illustrated in Figure   2 . Over a range of 10-6 to 10-3 M, inhibition by DNP increased progressively from 10 to 100%1o. The concentration of DNP required for 50%o inhibition of C2H4 production in both IAA-dependent and ACC-dependent systems was estimated to be about 20 !LM. Carbonylcyanide m-chlorophenylhydrazone, also a known uncoupler of oxidative phosphorylation, was found to be a more potent inhibitor than DNP. The concentration of carbonylcyanide mchlorophenylhydrazone required for 50%o inhibition of IAA-and ACC-dependent C2H4 production by mung bean hypocotyls was 5 ,UM (data not shown).
From the similarity of the DNP dose-inhibition curves for the IAA-and ACC-dependent C2H4 production systems, it is a reasonable assumption that DNP exerted its inhibitory function primarily at the step common to both systems, the conversion of ACC to C2H4. If the DNP inhibition is specific, there should be no, or little, interference with the conversion of methionine to ACC in the IAA-dependent system. The data of High Temperature Treatment. C2H4 production and endogenous ACC content were determined in apple plugs and in mung bean hypocotyls incubated at temperatures ranging from 25 to 40 C (Figs. 3 and 4) . The optimal temperature for C2H4 production by both tissues was 30 C. Temperatures higher than 30 C caused the rate of C2H4 production to decline and this inhibition became more pronounced during the later periods of incubation. Only a trace amount of C2H4 was produced from tissues incubated at 40 C. In apple tissue incubated 12 h, ACC content increased progressively as temperature was increased from 25 to 40 C, even though C2H4 production rates declined at temperatures above 30 C (Fig. 3) . These data are consistent with the proposal that the conversion of ACC to C2H4 is the primary site of high temperature inactivation. This view was further supported by the observation that the effect of temperature on ACC-dependent and on auxindependent C2H4 production in mung bean hypocotyls was similar; C2H4 production in both systems was greatly impaired when the incubation temperature was raised to 40 C (Fig. 4) . These observations indicate that the reaction converting ACC to C2H4, which is common to both systems, is vulnerable to high temperature inhibition. In auxin-treated mung bean hypocotyls, ACC content increased progressively as the temperature was raised from 25 to 35 C (Fig. 4, bottom) , although the C2H4 production rates reached a maximum at 30 C (Fig. 4, top) . At 40 C, both C2H4 production and ACC content decreased dramatically. This was in contrast to the results observed in apple tissues in which ACC content did not decrease at 40 C.
The higher rates of C2H4 production and higher levels of ACC at 30 C, as compared to those at 25 C, indicate that both ACC synthesis and degradation of ACC to C2H4 were increased as temperature was raised but that the increase in ACC synthesis exceeded the degradation of ACC to C2H4, resulting in a net increase of ACC. In contrast, when the temperature was increased from 30 to 35 C, C2H4 production decreased but the ACC content increased, indicating that the conversion of ACC to C2H4is more sensitive to high temperature inactivation than is the synthesis of ACC. Influence of temperature on C2H4 production and ACC content in mung bean hypocotyls. The incubation media and conditions were as described for Fig. 1 . At the end of 5 h incubation at 25 C, C2H4 content of each flask was determined. C2H4 produced by the auxin-dependent and ACC-dependent systems was 253 and 343 nl, respectively. After flushing with fresh air, the flasks were resealed and transferred to various temperatures as indicated. At the end of 3 h incubation, C2H4 production and ACC content were assayed. Each treatment was performed in duplicate, and the mean value ± variation (bar) is presented. DISCUSSION DNP has long been known to inhibit C2H4 production in various plant tissues (7, 9, 15, 19, 20) . Considering that DNP is a potent uncoupler of oxidative phosphorylation, Burg (7) and Murr and Yang (19) have speculated that SAM, formed from methionine and ATP, may be an intermediate in C2H4 biosynthesis and that DNP may inhibit C2H4 production by interfering with the conversion of methionine to SAM. Although the speculation that SAM might be an intermediate has been established (3, 4), the theoretical basis upon which the speculation was made has proven to be incorrect. The present results clearly show that DNP interferes with C2H4 production, not by inhibiting the conversion of methionine to SAM but by inhibiting the conversion of ACC to C2H4 in both auxin-dependent and ACC-dependent systems in mung bean hypocotyls (Tables I and II ). This conclusion was further supported by results obtained with apple tissue, in which DNP caused inhibition of C2H4 production but not of the conversion of methionine to SAM (2) . If the mode of action of DNP is associated with the supply of ATP, it may be that ATP is required for the conversion of ACC to C2H4, either serving as substrate or as effector. Although the enzymic formation of C2H4 from ACC has been recently reported by Konze and Kende (14) , many of the reported characteristics of the enzyme did not match those obtained from the in vivo data. Considering the proposed reaction sequence for the conversion of ACC to C2H4 (21) , it is difficult to rationalize the requirement for ATP as substrate. Since the synthesis of C2H4 from ACC was more vulnerable to DNP inhibition than was the synthesis of SAM from methionine, one may further speculate that, when ATP supply is impaired by DNP, the former reaction will be inhibited first. At higher DNP concentrations, however, both reactions will be blocked.
In addition to its role as an uncoupler of oxidative phosphorylation, resulting in the depression of ATP formation, DNP has also been suggested to influence the integrity of biological membranes (16) . Work by Imaseki (13), Anderson et aL (5) , and others (16) has suggested that some part of the C2H4-forming system is associated with membranes. ACC synthase has been isolated and it appears to be localized in the cytosol (6, 22) . If any part of the C2H4-forming system is membrane-associated, it is very likely to be the enzyme involved in the conversion of ACC to C2H4. If so, one may further speculate that the inhibition of C2H4 production by DNP may be due mainly to disruption of the membrane integrity essential for the conversion of ACC to C2H4.
The failure of fruit to ripen normally at temperatures above 30 C is well known, and this has been attributed to the reduction or inhibition of C2H4 production at these temperatures. Our results show that the primary site of high temperature inhibition of C2H4 production is the step in which ACC is converted to C2H4. The mechanism by which the high temperature inhibition of C2H4 production occurs is unknown.
